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The use of flexible electronics has increased in recent years. In order to have robust and 
long lasting flexible displays and sensors, the combined electro-mechanical behavior 
needs to be assessed. The most common method to determine electrical and mechan-
ical behavior of conductive thin films used in flexible electronics is the fragmentation test 
or uniaxial tensile straining of the film and substrate. When performed in situ, fracture 
and deformation behavior can be determined. The use of in  situ electrical resistance 
measurements can be informative about the crack onset strain of brittle layers, such as 
transparent conductors, or the stretchability of metal interconnects. The combination 
of in situ electrical measurements with in situ X-ray or confocal laser scanning micros-
copy can provide even more information about the failure mechanisms of the material 
systems. Lattice strains and stresses can be measured with X-rays, while cracking and 
buckle delaminations can be studied with confocal laser scanning microscopy. These 
new combinations of in situ methods will be discussed as well as methods to quantify 
interfacial properties of conductive thin films on polymer substrates. The combined tech-
niques provide valuable correlated electrical and mechanical data needed to understand 
failure mechanisms in flexible devices.
Keywords: thin films, fragmentation, electrical resistance, cracking, X-ray diffraction
inTrODUcTiOn
Due to the rapid growth of flexible devices and sensors, the assessment and analysis of the interfacial, 
mechanical, and electrical properties of thin films on compliant polymer substrates is increasingly 
important. Metal and ceramic films are being deposited onto polymer substrates not only using 
traditional deposition methods but also with advanced roll-to-roll (Ahn and Guo, 2008; Dupont 
et al., 2012) and inkjet printing (Forrest, 2004; Gamerith et al., 2007) techniques. Due to the large 
differences in the elastic moduli of the ceramics, metals, and polymers used to fabricate flexible 
devices, large strains (>10% and even up to 100%) can be achieved with proper device design 
(Wagner and Bauer, 2012). In order to assess the failure mechanisms of flexible systems, electro-
mechanical testing methods are needed. Uniaxial tensile testing, also known as fragmentation 
testing, is a popular method employed to investigate new materials or deposition processes to be 
used in the development of flexible electronics. During fragmentation testing, the film-substrate 
system is strained in tension causing cracks to form perpendicular to the straining direction and 
the cracks continue to form until the saturation crack spacing, λ, is reached. When the saturation 
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crack spacing is reached, the film will often delaminate between 
the crack fragments. These buckle delaminations can be utilized 
to measure the adhesion of the film-substrate interface (Cordill 
et al., 2010). Initially, the technique was used by Agrawal and Raj 
(1989) to examine transparent ceramic films on copper and nickel 
substrates (hard on compliant systems), and the ideas have been 
extended to ceramic films on polymers (Leterrier et  al., 1997; 
Andersons et al., 2009; Tarasovs et al., 2010; Vellinga et al., 2011) 
and metal films on polymers (Huang and Spaepen, 2000; Cordill 
et al., 2010, 2012; Lohmiller et al., 2010; Cordill and Marx, 2013a; 
Taylor et al., 2013).
With the fragmentation test, the fracture properties of hard 
films on compliant substrates can be evaluated by determining 
the interfacial shear strength (τIFSS). The τIFSS is a statistical analysis 
of the film or coating strength and depends on the fracture geom-
etry at saturation (Eq. 1),
 
τ
σ
λIFSS
fK
h
= ,
 
(1)
where h is the film thickness, K is a constant, which is dependent 
on the saturation crack spacing, λ, and σf is the fracture stress. The 
fracture stress is often determined with Hooke’s Law (σf = Eϵf) 
with E the elastic modulus of the film and ϵf is the fracture strain 
or crack onset strain (COS) when cracks are first observed during 
an in situ experiment (Agrawal and Raj, 1989; Taylor et al., 2011, 
2012). Equation 1 is based on the shear lag theory where the shear 
stress transfer along the film–substrate interface is limited by τIFSS 
(Cox, 1952; Kelly and Tyson, 1965).
For flexible electronics, the crucial reliability parameter for the 
characterization of brittle films or layers on polymer substrates is 
the COS, the strain at which cracks are first observed. Assuming 
that cracking results in immediate device failure, it is important 
that mechanical strains, which may occur during the fabrication 
process (e.g., in a roll-to-roll setup) or during use (flexing, stretch-
ing, or bending) of a flexible electronic device stay well below the 
COS. For fast and precise measurements of COS, the appearance 
of cracks during a tensile test should be detected using in  situ 
monitoring techniques. For instance, a tensile test could be per-
formed under the optical light microscope (OLM) or inside the 
scanning electron microscope (SEM) (Cordill et al., 2011, 2012; 
Vellinga et al., 2011). The straining is typically performed in small 
steps (e.g., 1% steps) separated by holding times of 2–5 min for 
focusing and image acquisition. An in situ optical example show-
ing the same area of 100-nm thick indium tin oxide (ITO) film 
on polyethylene terephthalate (PET) at different strains is given in 
Figures 1A–C. It can be clearly seen that at 1% strain (Figure 1A), 
no cracks are observed within the viewing area whereas at 2% 
strain (Figure  1B) many cracks are observed. At 10% strain, a 
very dense network of cracks and buckles has formed in the film 
(Figure 1C). For the exact determination of the COS, one would 
need to use very small steps between 1 and 2% strain, which is 
very time consuming or to use continuous straining with fast 
video acquisition, which can be a costly solution. An additional 
problem is that during the holding times relaxation of the vis-
coelastic substrate occurs, which may lead to the errors in COS 
determination (Glushko et al., 2014). The COS can be measured 
in much more reliable way if the electrical resistance of the sample 
can be recorded during straining. In situ four-point probe (4PP) 
resistance measurements are very useful when investigating films 
on polymer substrates (Lu et al., 2009; Peng et al., 2011; Glushko 
and Cordill, 2014b; Glushko et al., 2014). The electrical proper-
ties as a function of strain can be studied, and the exact value 
of the critical strain at which cracks start to affect the electrical 
conductivity can be obtained more accurately from in situ 4PP 
resistance measurements. The relation of the electrical response 
as a function of strain is theoretically described in Eq. 2,
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where R is the measured instantaneous resistance, R0 is the initial 
resistance, L is the measured instantaneous length between probes, 
L0 the original gage length, and ϵ the engineering strain (Lu et al., 
2007). A steep increase of relative resistance, R/R0, indicates a 
critical crack density that affects the measured resistance, or the 
COS. This could also be related to the propagation of the first 
cracks across the whole width of the sample. Figure 1D shows 
the dependence of the relative resistance ratio on the applied 
strain. Different curves depict the resistance of three samples 
with the same loading parameters. Using this method, one could 
exactly measure the COS of 1.1% strain since rapid increase of 
the electrical resistance is caused by the crack propagation. It is 
important that the 4PP experimental setup be robust and that the 
same electrical conditions can be repeated. Therefore, it is best 
to incorporate the 4PP into the grips of the straining device and 
to correct for any parasitic resistance that is present in the grips 
(Glushko and Cordill, 2014b). Another significant parameter 
to measure with in situ 4PP is the electrical response of the film 
during unloading. The unloaded resistance is the “real” value 
for a device after it has been unrolled, stretched, or bent into the 
application shape. It takes into account any grain growth, crack 
bridging, or viscoelastic recovery of the substrate (Glushko and 
Cordill, 2014a; Glushko et al., 2014; Putz et al., 2015).
Using OLM or SEM, in  situ methods provide information 
about the COS, crack spacing evolution, and even the buckling 
strain of brittle films. Other techniques have also been utilized 
to examine ductile and brittle film behavior. For example, in situ 
atomic force microscopy (AFM), X-ray diffraction (XRD), or 
confocal laser scanning microscopy (CLSM) provide further 
insight into the deformation mechanisms and buckling phe-
nomena, which occur during straining. In situ AFM studies 
have been used to better compare ductile deformation with 
brittle fracture with the use of the deformation spacing and 
through thickness crack spacing (Cordill and Marx, 2013a,b) as 
well as buckle growth (Jin et al., 2011; Marx et al., 2015a). XRD 
studies have been fruitful in the investigation of microstructure 
effects, thickness, and even the role of interlayers (Olliges et al., 
2008; Gruber et al., 2009; Marx et al., 2015b). The use of in situ 
CLSM imaging is a relatively new in  situ method and delivers 
information in three dimensions similar to AFM without height 
or scanning area restrictions. This in  situ imaging method is 
useful when studying interface adhesion with tensile-induced 
delaminations.
FigUre 1 | Tensile testing of a 100-nm thick iTO films on PeT. (a–c) Optical images of the same surface area taken in situ at different applied strain values. 
(D) Electrical resistance of three ITO samples measured in situ during straining.
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As it has been discussed, in situ fragmentation testing is valu-
able method for conductive thin films. However, the use of only 
one in situ observation method gives limited information on the 
electrical or mechanical behavior. More knowledge is learned 
about the combined electro-mechanical behavior through the 
use of multiple in situ techniques, such as AFM and 4PP, and has 
brought new insight about how the mechanical damage affects 
the electrical response of ductile films (Cordill et al., 2014a). New 
combinations of in situ fragmentation methods and the valuable 
information that can be obtained for conductive films will be 
the focus of this study. First, the combination of in situ XRD and 
4PP provide precise fracture and buckling stresses as well as the 
crucial data about how stresses develop in multilayers. CLSM and 
4PP can also be combined to study the connection between crack 
propagation and electrical behavior as well as for the study of 
interface adhesion.
MaTerials anD MeThODs
To demonstrate the difference between ductile and brittle electro-
mechanical behavior, Au and Cr films on polyimide are utilized. 
First, a 300-nm sputter deposited Au film on 50 μm thick PI was 
compared to the same 300-nm Au film with a 200-nm sputtered 
Cr overlayer. The Cr overlayer is used to aid in the delamination 
of the Au–PI interface when strained (Cordill et al., 2014b). The 
Au films were deposited using the working gas (Ar) pressure of 
7.5 × 10−3 Torr at a power of 75 W DC as described by Yeager 
and Bahr (2010), and the Cr overlayer was deposited with an Ar 
working gas pressure of 1.5 × 10−3 Torr at 250 W DC power. A 
third film system consisting of a 50-nm Au film with a 10-nm Cr 
adhesion layer on PI was also deposited using the similar sput-
tering parameters but using 100-W DC power. This film system 
has been studied with other ex situ and in  situ techniques and 
more information can be found in Putz et  al. (2015, 2016). To 
demonstrate different adhesion theories, the 300-nm Au film 
with the 200-nm Cr overlayer was utilized as well as to two other 
gold systems. The first has a 10-nm Ta adhesion layer between the 
Au and PI while the second system has a 10-nm Ti adhesion layer 
between the Au and PI with an additional 200-nm Cr overlayer. 
The adhesion layers were sputter deposited before the 300-nm 
Au film without breaking vacuum (Yeager et al., 2008). The Cr 
overlayer was deposited after breaking vacuum in a different sput-
tering chamber using the parameters for Cr stated above. The film 
thicknesses were measured with focused ion beam cross-sections 
(not shown) after deposition.
Rectangular samples used for tensile straining were cut with a 
scalpel to the dimensions of approximately 7 mm × 35 mm. For 
in situ XRD experiments, samples were strained continuously to 
a maximum strain of 15% with a rate of 0.1 mm/min and then 
unloaded to a force F = 0 N with the same rate using an Anton 
Paar TS600 straining stage with 4PP resistance measurement 
incorporated into the grips. At the maximum strain, a hold 
period of 5 min was applied. The in situ synchrotron radiation 
FigUre 2 | (a) CLSM laser image of 100-nm ITO film on PET after mechanical testing. (B) Color 3D height image of the box in (a) demonstrating the capabilities of 
CLSM with transparent conductors. The units in (B) are in microns (color online).
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measurements were carried out on the KMC-2 beamline (Erko 
et al., 2000) at BESSY II, Helmholtz-Zentrum Berlin für Materialien 
und Energie (HZB). The resistance probes were incorporated into 
the grips of the Anton Paar straining stage in a similar manner 
as described in Glushko and Cordill (2014b). These experiments 
were employed to measure the lattice strains, which develop in the 
Au films during continuous tensile straining. The tensile device 
was positioned so that the sample surface was in the reflection 
geometry to the incoming synchrotron X-ray beam. In situ XRD 
measurements were continuously performed with a beam size of 
300 μm in diameter and a beam wavelength of 0.177  nm. The 
(111) reflections of the Au layer were recorded simultaneously 
with a Brucker VÅNTEC detector and an exposure time of 5 s 
at five different Ψ angles. Lattice strains were measured with 
the sin2 Ψ method (Spieß et al., 2005) [sin2 Ψ range 0–0.6 (−)]. 
A Pearson fit was applied to determine peak positions and peak 
widths. Film stresses were calculated using X-ray elastic constants 
(XECs) (1/2 S2) (Noyan and Cohen, 2013) for untextured (111) 
Au reflections. XECs were calculated from single-crystal elastic 
constants assuming the Hill model with the software ElastiX 
(Wern et  al., 2002). Prior to and after the tensile experiment, 
residual lattice strains were measured with high resolution using 
11 different Ψ angles. The lattice strain in the Cr overlayer was not 
analyzed because the Cr (110) peak overlaps with the Au (200) 
peak (see Figure S1 in Supplementary Material) and the response 
could not be separated, therefore, only the lattice strains which 
developed in the Au layers will be discussed. It was only possible 
to perform one experiment for the Au and Au with Cr overlayer 
samples due to the fact that they were performed at a synchrotron 
source. However, several experiments on similar samples have 
been performed and compare well to those presented.
More recently, CLSM has been utilized for in situ fragmenta-
tion testing of flexible electronic materials. CLSM is a 3D imaging 
technique that uses a scanned laser and precise stage movements 
to generate 3D images. It is similar to AFM, but imaging times 
are significantly shorter and larger areas can be accessed. Other 
advantages of CLSM are that there is no limitation in the z- direction 
(height) as with AFM, and the technique is ideal for transparent 
coatings. As an example, a 100-nm ITO film on PET that was 
mechanically bent under compression to form cracks and buckles 
is shown in Figure 2. With CLSM, the cracks as well as the buckles 
that formed at the crack fronts can be assessed (Figure 2B). In situ 
CSLM and 4PP experiments were also made using the same sam-
ple dimension and the Anton Paar TS 600 straining stage with 
the resistance measurements incorporated into the grips. CLSM 
imaging was performed with an Olympus LEXT OLS4100 during 
straining at a rate of 0.6 mm/min. The straining was stepwise so 
that an image could be obtained at each straining step during a 
2-min hold period. From the obtained images, the crack spacing, 
λ, as a function of strain was measured using the software Image 
J (Abràmoff et al., 2004). All experiments were repeated at least 
once and the presented results illustrate representative behavior.
resUlTs anD DiscUssiOn
combined X-ray Diffraction and electrical 
resistance Fragmentation Testing
As it has been shown by many research groups (Gruber et  al., 
2008; Frank et al., 2009; Marx et al., 2015b), in situ XRD tensile 
straining can provide useful information on how thin film or 
coating thickness, microstructure, and deposition methods 
influence mechanical stresses and strains of flexible electronic 
materials. From the evolution of the lattice strains during strain-
ing, clear ductile or brittle material behavior is determined. With 
in situ 4PP, ductile and brittle films also have distinct electrical 
responses. When ductile films, such as Cu or Au, are strained, 
the response follows the theory (Eq. 2) and the film is said to have 
good “stretchability.” On the other hand, brittle films, like ITO 
(Figure 1D) deviate from theory, and the resistance dramatically 
increases. The combination of XRD and 4PP allows for the direct 
correlation between the COS and fracture stress, σf.
Figure 3A shows the ductile mechanical behavior of the 300-
nm Au film on PI. The lattice strains increase to a maximum and 
then level off. The maximum lattice strain is equivalent to the 
stress of 400 MPa. Upon unloading, the lattice strains decrease 
into the compressive regime (−400 MPa). This is due to the fact 
that the film plastically deformed during straining (Figure 3B) 
FigUre 3 | (a) In situ XRD and 4PP results of the 300-nm Au film on PI illustrating ductile film electro-mechanical behavior. Black circles are the lattice strains and 
green squares the electrical resistance. (B) SEM micrograph of the Au film surface after straining to 15% showing areas of localized thinning and possible through 
thickness cracks.
FigUre 4 | (a) In situ XRD and 4PP results of the 300-nm Au film with a 200-nm Cr overlayer on PI illustrating brittle film electro-mechanical behavior. (B) SEM 
micrograph after straining to 11% illustrating that cracks formed through both the Cr and Au films along with buckles.
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and is now slightly longer than the PI substrate, which leads to 
the compressive behavior. The error bars arise from the linear 
fit of peak shift. The electrical response also illustrates ideal 
ductile behavior as the R/R0 follows the theoretical curve up to 
the maximum applied strain. When the load is removed, the 
R/R0 falls below the theoretical curve. The final R/R0 is about 
8% higher than the original R/R0. The exact cause of the lower 
electrical response during unloading is still under investigation 
but could be due to the formation of localized thinned areas 
(necks) or grain growth as observed by some groups (Glushko 
and Cordill, 2014a; Cordill et  al., 2016). Poststraining SEM 
(Figure 3B) only indicates some localized thinning and possible 
short through thickness cracks. With the current setup, it was 
not possible to strain higher than 15%. It would be beneficial to 
strain to 30–40% strain and to determine the COS of the Au film 
and the corresponding film lattice strains and stresses. However, 
the 300-nm Au film could be considered as a highly stretchable 
material and very suitable for flexible electronics because of its 
ideal electro-mechanical behavior.
In contrast, the Au film with the Cr overlayer behaves in a 
brittle manner. As shown in Figure 4A of the in situ XRD and 
4PP results, the lattice strains increase to a maximum, peak lat-
tice strain and then rapidly decreases to a lower plateau at 6% 
strain. The peak lattice strain is approximately when the R/R0 
deviates from theory. The sample broke at about 11% applied 
strain and the unloading of the sample was not recorded. 
From the combined experiment, the fracture stress, σf, of the 
Au film can be calculated from the peak lattice strain and is 
540 MPa, slightly higher than the single Au film. The plateau 
of the lattice strains is related to the crack spacing saturation 
and delamination as known from other studies (Marx et  al., 
2015b). Once cracks form in the multilayer, the lattice strain (or 
stress) in the film is relieved, which causes the decrease. From 
Figure 4B, it can be observed that the Cr overlayer cracks which 
in turn causes cracks to form in the normally ductile Au film. 
The overlayer also aids the formation of buckles which can be 
utilized to evaluate the adhesion of the Au–PI interface and will 
be discussed in Section “Adhesion Measurements of Films on 
Polymer Substrates.”
What can be drawn from in situ XRD and 4PP experiments 
is a more precise measurement of the fracture stress necessary 
to determine the τIFSS as well as the correlation between the 
FigUre 5 | example of an in situ fragmentation test with clsM and 4PP on a 50-nm au film with a 10-nm cr adhesion layer. (a) At 2% strain, cracks 
have initiated and caused an increase in the resistance. (B) Same area of film after 4% strain, (c) after 14% strain and crack saturation. (D) Corresponding crack 
spacing (black squares) and R/R0 response (blue circles, connecting line has no mathematical meaning) illustrating the correlation between crack spacing and COS 
as well as resistance recovery upon unloading (red triangle). Scale bars in (a–c) are 40 μm (color online).
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stress–strain response of individual films and the electrical 
response. These experiments also provide vital information 
about the behavior of multilayers as well as the fracture and 
deformation response. It has been demonstrated that the 
combination of ductile and brittle metal layers leads to very 
brittle electro-mechanical behavior. This is an important 
concept for flexible electronic devices. The influence of brittle 
overlayers and adhesion layers has been studied for metal films 
with in  situ XRD (Cordill et  al., 2014b; Marx et  al., 2015b; 
Putz et  al., 2015). However, further examination of how the 
brittle transparent conductors and encapsulation layers affect 
the metal conductors is necessary to determine how these 
brittle layers influence the electro-mechanical behavior of a 
flexible electronic device. It should be noted that in situ XRD 
studies can only be utilized for crystalline materials. As many 
transparent conductors are amorphous, stress analyzes with 
X-rays are not possible. However, Raman spectroscopy has 
been successfully employed to study stresses in diamond-like 
carbon (DLC) films and is an alternative to XRD for transpar-
ent coatings (Ahmed et al., 2011).
In situ Fragmentation Testing with 
confocal laser scanning Microscopy
As an example of in situ CSLM and 4PP fragmentation testing, a 
50-nm Au film with a 10-nm Cr adhesion layer on PI is shown in 
Figure 5. Here, the combination of CSLM and 4PP allows for the 
further examination of how cracks influence the electrical behav-
ior. As shown in Figure 5, the film does not crack until about 
2% strain. After this point, the R/R0 deviates from theory and 
continues to increase until the maximum applied strain of 14%. 
The crack spacing decreases until reaching a plateau at approxi-
mately 7–8% when no further cracks form. Interestingly, when 
the load is removed, the R/R0 is reduced to 4 from the maximum 
R/R0 of 32 (red triangle in Figure 5D). That indicates the closing 
of cracks allowing current to flow again. It is clearly observed 
that the normally ductile Au film cracks like a brittle film due to 
the presence of the Cr adhesion layer. This is a further example 
of how the use of brittle layers detrimentally affects the stretch-
ability of ductile materials. Additionally, in Figure 5A, the first 
appearance of cracks is along a diagonal to the straining direction. 
These cracks are a consequence of scratches in the substrate and 
FigUre 6 | clsM color height images (color scale at right in μm) of the 300-nm au film with 200-nm cr overlayer at (a) 6% strain, (B) 8% strain, and 
(c) 10% strain [scale bar in (a)–(c) is 100 μm]. (D) Height profiles perpendicular to the cracks illustrating that the film fragments curve between the cracks. 
Buckle growth can also be studied with CLSM as shown in (e,F) (color online).
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illustrate that proper preparation of the substrate is also a crucial 
factor affecting the COS and stretchability of flexible electronic 
devices. Finally, with the combination of CLSM (or OLM) and 
4PP a better understanding of how the crack density and electri-
cal response are related. For example, when the R/R0 deviates 
from theory, many cracks are present in the film (Figure  5A), 
and it is not one crack that causes the resistance to increase. It is 
also of interest as to why the R/R0 continues to increase even after 
the crack saturation is reached. An improved understanding of 
the crack density and R/R0 would be beneficial for metal thin films 
and transparent conductors.
Confocal laser scanning microscopy also allows for the 
examination of the crack fragment shape and buckle formation 
during straining. As an example, the same 300-nm Au film with 
the 200-nm Cr overlayer from Figure 4 was also strained in situ 
with CLSM and three straining steps are shown in Figures 6A–C. 
Because CLSM obtains 3D surface images, further information 
about how stress is transferred across the film fragments and 
buckle propagation is obtained. In order to apply the shear lag 
theory to determine the τIFSS, the theory assumes that the interface 
between the film and substrate remains coplanar. This occurs 
for ceramic films on metal substrates (Agrawal and Raj, 1989) 
but is not always true for metal and ceramic films on polymer 
substrates. Instead, the film fragments bend or curve between 
the through thickness crack (Figure 6D) and has thus far only 
been observed with in situ AFM fragmentation (Douville et al., 
2011; Taylor et al., 2012) and finite element modeling (Toth et al., 
2013). This phenomena have not been experimentally studied 
much due to the complicated and time consuming in situ AFM 
testing method. This out of plane deflection can lead to a devia-
tion of the mechanical predictions due to the assumptions in the 
shear lag theory. When the interface is coplanar to the loading 
axis, the load can be transferred to the film through shear at the 
interface. However, loading at the interface causes the film frag-
ment to curve and the amount of curvature depends on the elastic 
modulus of the film and substrate. Polymer substrates generally 
have small elastic moduli compared to metal substrates and this is 
why the film fragment curvature is visible. The curving of the film 
fragments complicates the mechanics of the whole system and 
greatly influences the resulting crack density due to the fact that 
now not only shear stresses but also bending stresses are present 
(Taylor et  al., 2012). With CLSM, the nature and curvature of 
the film fragments can be better studied as a function of applied 
strain, crack density, and film thickness.
Buckle delamination can also be examined in depth with 
in situ CLSM. Using the height information, the buckle growth 
can be observed as a function of strain. Examples of buckle 
growth are shown in Figures  6E,F. The buckles increase their 
height and width with increasing strain, and in Figure 6E, the 
growth and propagation of a second buckle can be analyzed. The 
addition of height information also identifies where buckles may 
be more susceptible to initiate and may also shed light on why 
buckles tend to form in clusters. With this new experimental 
approach, researchers will be able to address these issues and 
provide predictive models to better understand delamination 
failure.
FigUre 7 | (a) Tensile loading curve of a 300-nm Au film with a 10-nm Ta adhesion layer on PI. (B) When the load was removed (decreased to 0 N) buckles form 
perpendicular to the straining direction and can be used to calculate the adhesion energy of the interface.
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adhesion Measurements of Films on 
Polymer substrates
There are two main models used to quantitatively measure the 
interfacial adhesion of thin films on polymer substrates. The 
well-known Hutchinson and Suo (1992) model has been mostly 
applied to buckles, which form spontaneously on rigid substrates 
and the tensile-induced delamination model, which was devel-
oped especially for hard films on compliant polymer substrates 
(Cordill et  al., 2010). The Hutchinson and Suo model utilizes 
buckle delaminations that form spontaneously or due to an 
applied compressive stress (Coupeau et al., 1999; Cleymand et al., 
2000; Parry et al., 2005). As has been previously shown, compres-
sive stresses can arise in a film during unloading of a tensile strain 
for some film-substrate systems (see Figure  3A). For example, 
a 300-nm Au film with a 10-nm Ta adhesion layer on PI was 
strained to incrementally larger maximum engineering strains 
and unloaded to a load of 0 N with in situ CLSM (Figure 7). At 
the maximum applied strains and unloaded strains, images were 
made of the film surface. After applying 4% strain and unloading 
to 0 N, buckles formed perpendicular to the straining direction, 
as shown in Figure  7B. With increased strains, the buckles 
continued to propagate across the width of the sample. With the 
height images, the half buckle width, b, and the buckle height, δ, 
can be measured and used to calculate the mixed mode adhesion 
energy of the Ta–PI interface,
 
Γ( ) ( ) ( )( ).ψ = −
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 − +
1
2
3
2υ
σ σ σ σ
h
E d b d b  
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In Eq. 3, h is the film thickness, E is the elastic modulus of the 
film, υ is the Poisson’s ratio of the film, σd is the driving stress, 
σb is the buckling stress, and Ψ is the phase angle of loading. 
Formulations for the driving and buckling stresses can be found 
in references (Hutchinson and Suo, 1992; Cordill et  al., 2004). 
Using the Hutchinson and Suo model, the adhesion energy was 
calculated to be Γ(Ψ) = 9.8 ± 2.8 Jm−2. The adhesion measure-
ment would not have been possible without CLSM because the 
buckle heights are between 4 and 7  μm, greater than what a 
commercial AFM could measure. In addition, the areas that can 
be observed are also much larger compared to what can easily be 
imaged with the AFM and provide more buckle measurements 
for valuable statistics.
The second model used to measure the adhesion of films on 
polymer substrates is tensile-induced delamination. This method 
is based on fragmentation testing and can produce well-defined 
areas of delamination between the crack fragments as shown in 
Figures 4B, 6A–C, and 8A. Once the crack spacing has reached 
the saturation regime, the films can delaminate between the crack 
fragments in the form of buckles (Figure  8A). These induced 
buckles can be utilized to measure the adhesion energy of the 
interface (Cordill et al., 2010). In the example shown in Figure 8A, 
a 200-nm Cr overlayer on a 300-nm Au film with a 10-nm Ti 
adhesion layer on PI was strained and imaged with CLSM. Again, 
using the height images of the surface, the buckle dimensions (b 
and δ) can be measured and plotted as the δ
h
 as a function 
of (b/h), where h is the total film thickness (Figure 8B). The data 
is fit using Eq. 4 and a minimum α value to the minimum data,
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and
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where modified elastic modulus is E E′ =
−
f
f( )1
2υ
 and Γ is the 
adhesion energy (Cordill et al., 2010). In this case, the modified 
elastic modulus was thickness weighted to take into account the 
Cr and Au properties (Cordill et al., 2014b). For this film system 
and buckles, an α = 0.000015 was used to calculate an adhesion 
energy of Γ = 1.9 ± 0.7 Jm−2 (Figure 8B). The standard deviation 
FigUre 8 | (a) CLSM laser image of the delaminated Cr/Au/Ti film from PI. (B) Using the tensile-induced delamination model and a minimum α-values of 0.00015, 
the adhesion energy was determined to be Γ = 1.9 ± 0.7 Jm−2.
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is from small changes in α (±0.000005). Further information on 
the model can be found in Cordill et  al. (2010, 2014b). As a 
comparison, the Hutchinson and Suo model (Hutchinson and 
Suo, 1992) was also employed due to the fact that the buckles 
had an ideal shape similar to spontaneously delaminated 
buckles. Using the same buckle measurements and Eq. 3, an 
adhesion energy of Γ(Ψ) = 1.1 ± 0.5 was calculated. The two 
models achieve similar adhesion values indicating that either 
model could be employed for these buckles. With the quantita-
tive measurement of the adhesion, it can be concluded that a 
Ta adhesion layer is better at improving the adhesion of Au to 
PI than a Ti adhesion layer. The Ta adhesion layer increased 
the interfacial energy by almost a factor of 10 compared to 
the Ti adhesion layer. These results follow that of Yeager et al. 
(2008) who used four point bending to measure the adhesion 
of TiW–PI and Ta–PI interface.
In order to apply these adhesion models, especially tensile-
induced delamination, it is best to use the first buckles that 
form (Cordill et  al., 2010). The initial buckles have a more 
rounded shape as required by the model and are not cracked 
at the buckle apex. With further straining, the buckles tend to 
become more pointed and tent-like because a crack forms at 
the buckle apex to relieve stress. An example can be viewed in 
Figure 6. As the strain is increased, the buckles in Figures 6E,F 
become more pointed. To measure the adhesion energy of this 
film system, only buckles in Figure  6A were used. Because 
CLSM was employed for this in  situ experiment, straining 
did not have stopped once the buckles formed. Rather, the 
experiment was continued to study both adhesion and buckle 
formation with the same experiment. The adhesion energy 
of the Cr–Au–PI film system of Figure  6 was measured to 
be Γ =  19 ±  7  Jm−2, indicating that adhesion layers are not 
necessary for this system because the systems with adhesion 
layers had lower measured adhesion energies (9.8 and 1.7 Jm−2, 
respectively, for Ta and Ti). These same methods and models 
can be applied to transparent conductive films to assess the 
adhesion energies.
cOnclUsiOn
As flexible electronics become part of everyday life, it is necessary 
to understand better how the different materials interact and fail. 
Combined in situ electro-mechanical fragmentation testing is a 
useful technique to assess both the electrical and mechanical fail-
ure mechanisms. Fragmentation testing has moved from simple 
optical observations of the COS to more advanced studies using 
X-rays and CSLM. It can been demonstrated that in  situ XRD 
and 4PP experiments provide useful data on single-layer ductile 
film deformation and multi-layer brittle fracture. The electro-
mechanical results on multilayers should be further considered 
due to the fact that flexible devices are composed of many layers, 
from the brittle transparent conductors and encapsulation layers 
to the ductile metal interconnects. The consequence of multilayers 
is a more brittle behaving system both electrically and mechani-
cally. An improved understanding of how all of the layers fail 
electrically and mechanically is needed in order to better design 
robust devices and thus more research in this direction. CLSM is 
an imaging method that is new to in situ fragmentation studies. 
The power of CLSM is the 3D imaging of virtually any surface, 
transparent or reflective. The use of in  situ CLSM and 4PP can 
be employed to better understand the correlation between crack 
propagation and electrical resistance. The adhesion of interfaces 
can also be measured with CLSM because larger areas and larger 
heights (z-range) are assessable with this method. Through the use 
of these advanced characterization methods, more insight and an 
improved understanding of correlated electrical and mechanical 
failure can be achieved, leading to more robust flexible electronics.
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